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In polarized HepG2 hepatoma cells, sphingolipids are transported to the apical, bile
canalicular membrane by two different transport routes, as revealed with fluorescently
tagged sphingolipid analogs. One route involves direct, transcytosis-independent trans-
port of Golgi-derived glucosylceramide and sphingomyelin, whereas the other involves
basolateral to apical transcytosis of both sphingolipids. We show that these distinct
routes display a different sensitivity toward nocodazole and cytochalasin D, implying a
specific transport dependence on either microtubules or actin filaments, respectively.
Thus, nocodazole strongly inhibited the direct route, whereas sphingolipid transport by
transcytosis was hardly affected. Moreover, nocodazole blocked “hyperpolarization,” i.e.,
the enlargement of the apical membrane surface, which is induced by treating cells with
dibutyryl-cAMP. By contrast, the transcytotic route but not the direct route was inhibited
by cytochalasin D. The actin-dependent step during transcytotic lipid transport probably
occurs at an early endocytic event at the basolateral plasma membrane, because total
lipid uptake and fluid phase endocytosis of horseradish peroxidase from this membrane
were inhibited by cytochalasin D as well. In summary, the results show that the two
sphingolipid transport pathways to the apical membrane must have a different require-
ment for cytoskeletal elements.
INTRODUCTION
Elements of the cytoskeleton, such as the actin micro-
filaments and tubulin-based microtubules, have an
important role in maintaining cell structure and in
mediating trafficking of intracellular membranes
(Mays et al., 1994). Polarized cells, which have distinct
apical and basolateral plasma membrane domains, are
known to use cytoskeletal filaments to facilitate vesic-
ular transport between different membrane compart-
ments. The role of microtubules in vesicular transport
in polarized cells has been studied in some detail.
Disruption of microtubules with agents such as no-
codazole or colchicine especially inhibits protein traf-
ficking from the trans-Golgi network to the apical
domain, whereas trafficking to the basolateral domain
is not or only little affected (Eilers et al., 1989; Parczyk
et al., 1989; Breitfeld et al., 1990; Matter et al., 1990; van
Zeijl and Matlin, 1990; Gilbert et al., 1991). Microtu-
bules also facilitate the transport of vesicles from the
basolateral to the apical domain by transcytosis; by
contrast, they do not appear to function in the tran-
scytotic transport pathway in the opposite direction
(Breitfeld et al., 1990; Hunziker et al., 1990; Matter et al.,
1990). During transcytosis, the microtubule-depen-
dent step is probably located after endocytic uptake,
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because in both polarized epithelial cells such as Ma-
din-Darby canine kidney (MDCK) cells and nonpolar-
ized cells such as baby hamster kidney cells, endocy-
tosis is not inhibited by microtubule inhibitors
(Hunziker et al., 1990; Matter et al., 1990; Kok et al.,
1992). However, in hepatocytes, receptor-mediated
uptake of the asialoglycoprotein receptor (Harada et
al., 1995) and fluid phase uptake of horseradish per-
oxidase (HRP) (Sakisaka et al., 1988) have been re-
ported to be inhibited by colchicine.
The involvement of actin filaments in vesicular traf-
ficking is less well defined. Rearrangement of the actin
cytoskeleton is supposed to play an important role in
the establishment of cell polarity (Drubin and Nelson,
1996). In polarized epithelial cells, a dense network of
actin filaments is found under the apical surface of
simple epithelial cells. In hepatocytes, an accumula-
tion of actin filaments is observed around the bile
canaliculi, representing the apical membrane domain
of these cells. The actin network is linked to a bundle
of actin filaments that forms the core of the microvilli,
which cover the apical surface. It has been proposed
that the actin network plays a role in targeting Golgi-
derived vesicles to the apical domain, probably via the
actin-binding motor protein myosin-1 (Fath and Bur-
gess, 1993; Fath et al., 1994). Indeed, it was shown that
partial disassembly of the actin cytoskeleton triggers
exocytosis (Muallem et al., 1995). Still, an extensive
disruption of the actin or microvillar organization re-
sults in an inhibition of apically directed vesicles
(Muallem et al., 1995) or an accumulation of such
vesicles in the subapical region of the cell (Costa de
Beauregard et al., 1995). However, no consensus has
been reached yet, because it has also been reported
that cytochalasin D (cytD), a drug that disrupts actin
filaments, does not affect trafficking from the Golgi to
either the basolateral or the apical plasma membrane
domain (Salas et al., 1986; Parczyk et al., 1989).
By contrast, several studies have reported that traf-
ficking along the endocytic pathway is sensitive to this
drug. Evidence obtained with different cell types has
shown that both clathrin-dependent and clathrin-in-
dependent endocytosis are inhibited by cytD (Sandvig
and van Deurs, 1990; Gottlieb et al., 1993; Chazaud et
al., 1994; Jackman et al., 1994; Parton et al., 1994; Durr-
bach et al., 1996; Maples et al., 1997). In polarized cells,
actin-dependent endocytosis has only been reported
to take place at the apical domain (Gottlieb et al., 1993;
Jackman et al., 1994). Possibly, a mechano-chemical
motor in conjunction with the actin in the micovillous
core is required for pinching off of endocytic vesicles
from this membrane domain, which may explain the
specific inhibition of endocytosis at this membrane
domain (Gottlieb et al., 1993; Jackman et al., 1994).
Previously, we have shown that in HepG2 cells, a
polarized hepatoma cell model, sphingolipids are tar-
geted to the apical domain via transcytosis and via a
direct route from the Golgi to the apical membrane
(Zaal et al., 1994; Zegers and Hoekstra, 1997). Both
these transport routes are regulated by protein kinase
C (PKC) and protein kinase A (PKA). Moreover, the
kinase-mediated changes in lipid transport correlate
with changes in cell polarity. Thus, we observed that
stimulation of apical lipid transport (by PKA) corre-
lates with an enlargement of the apical membrane
surface area, whereas an inhibition of apical sphingo-
lipid transport (by PKC) correlates with a rapid loss of
cell polarity, as shown by the redistribution of several
apical protein markers, in particular that of actin
(Zegers and Hoekstra, 1997).
Because activation of these kinases influenced both
cell polarity and apical lipid transport, cytoskeletal
elements are probably involved in mediating these
effects. In this study, we examined the effect of com-
pounds that are known to disrupt actin filaments or
microtubules on both lipid transport and kinase-in-
duced changes of cell polarity. We show here that the
direct and indirect sphingolipid transport routes dis-
play a different sensitivity toward cytoskeletal inhibi-
tors. Moreover, PKA-induced enlargement of the api-
cal membrane surface area and stimulation of
sphingolipid transport were inhibited by disruption of
microtubules. We conclude that both actin filaments
and microtubules play an important role in the bio-
genesis of apical membranes as reflected by a promi-




DMEM was obtained from Life Technologies (Paisley, Scotland),
and fetal calf serum (FCS) was from BioWhittaker (Verviers, Bel-
gium). d-Sphingosine, 1b-d-glucosylsphingosine, and sphingo-
sylphosphorylcholine were from Matreya (Pleasant Gap, PA), and
6-[N-(7-nitrobenz-2-oxa-1,3 diazol-4-yl)amino]hexanoic acid (C6-
NBD) was from Molecular Probes (Eugene, OR). Latrunculin B was
obtained from Calbiochem (La Jolla, CA). Dibutyryl-cAMP (dB-
cAMP) was purchased from Boehringer Mannheim GmbH (Mann-
heim, Germany). Paraformaldehyde, high-performance TLC plates,
and organic solvents were from Merck (Darmstadt, Germany).
FITC-conjugated antibodies were from Nordic Immunology Labo-
ratories (Tilburg, The Netherlands). All other chemicals were sup-
plied by Sigma Chemical (St. Louis, MO).
Cell Culture
HepG2 cells were grown in DMEM containing 4.5 g/l glucose,
supplemented with 10% FCS, 2 mM l-glutamine, penicillin (100
IU/ml), and streptomycin (100 mg/ml), at 37°C in a humidified
atmosphere of 5% CO2 in air. Experiments were performed 3 d after
cell plating. For biochemical experiments, cells were grown on
94-mm culture dishes. For microscopy, cells were grown on glass
coverslips.
Synthesis of C6-NBD Sphingolipids
C6-NBD-ceramide (C6-NBD-Cer), C6-NBD-sphingomyelin (C6-
NBD-SM), and C6-NBD-glucosylceramide (C6-NBD-GlcCer) were
M.M.P. Zegers et al.
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synthesized from C6-NBD and d-sphingosine, 1b-d-glucosylsphin-
gosine, and sphingosylphosphorylcholine, respectively, as de-
scribed elsewhere (Babia et al., 1994).
Cell Labeling and Lipid Transport Assays
Insertion and Back-Exchange of Fluorescent Lipids. Cells were
washed three times with cold PBS. C6-NBD lipids were added to
cold Hanks’ buffered salt solution (HBSS) by means of ethanolic
injection. Lipids from a stock solution in chloroform/methanol (2:1
vol/vol) were dried under nitrogen and solubilized in absolute
ethanol. The ethanolic solution was subsequently injected into HBSS
under vigorous vortexing. The final concentration of ethanol did not
exceed 0.5% (vol/vol).
When required, C6-NBD lipids present in the outer leaflet of the
plasma membrane were removed by a back-exchange procedure. To
this end the cells were incubated for 30 min at 4°C with 5% BSA in
HBSS, followed by washing with cold HBSS. This procedure was
repeated once.
Transcytosis of Lipids. Transcytosis of sphingolipid was deter-
mined by labeling the plasma membrane of HepG2 cells with C6-
NBD-GlcCer or C6-NBD-SM for 30 min at 4°C. The cells were
washed and subsequently incubated at 37°C for 15 min to allow for
internalization and transcytosis to the bile canalicular domain. The
cells were then cooled to 4°C, and the lipid remaining in the outer
leaflet of the plasma membrane was removed by a back-exchange at
4°C. The apical labeling of the bile canalicular structures was deter-
mined semiquantitatively by assessing the percentage of bile canal-
iculi that was NBD positive (Zegers and Hoekstra, 1997). The bile
canaliculi, which are easily visualized under phase contrast by their
microvillar appearance, were classified as NBD positive or negative
under epifluoresence illumination. In control cells, ;70% of the total
population of bile canaliculi was NBD positive after a 15-min incu-
bation period at 37°C. Cells that were incubated with NBD lipids at
4°C only showed a background labeling of bile canaliculi of ;10%
of the total population.
Apical Delivery of De Novo-synthesized Lipids. Cells were plated
on coverslips and labeled with C6-NBD-Cer for 60 min at 4°C. To
allow for synthesis of C6-NBD-GlcCer or C6-NBD-SM and their
subsequent transport, an incubation was carried out at 37°C for 60
min in HBSS containing 5% BSA. After the incubation, the apical
delivery of sphingolipids was determined as indicated above. In
control cells, ;50% of the total population of bile canaliculi was
NBD positive after a 60-min incubation at 37°C. In cells that had
been incubated at 4°C only, no NBD-positive bile canaliculi were
observed (our unpublished observations).
Metabolism of C6-NBD-Cer and Basolateral Delivery of De Novo-
synthesized Sphingolipids. Cells were plated in culture dishes and
labeled with C6-NBD-Cer for 60 min at 4°C. The cells were then
incubated for 60 min at 37°C in HBSS, containing 5% BSA. Subse-
quently they were washed and scraped from the culture dish. Lipids
from the incubation medium and cells were extracted and quanti-
fied as described below.
Total Endocytic Uptake of Sphingolipids. The total endocytic up-
take of sphingolipids was determined by labeling cells with C6-
NBD-GlcCer or C6-NBD-SM for 30 min at 4°C. The cells were then
washed and incubated at 37°C. At the end of the incubation the cells
were cooled to 4°C, and the lipid remaining in the outer leaflet of the
plasma membrane was removed by back-exchange at 4°C. After
washing, the cells were scraped from the culture dish. Lipids from
the back-exchange medium and the cells were extracted and quan-
tified. In the time span of our experiments no degradation of C6-
NBD-GlcCer or C6-NBD-SM occurred, as revealed by TLC.
Lipid Extraction and Quantification. Lipids from cells and back-
exchange media were extracted according to the method of Bligh
and Dyer (1959). NBD lipids were separated by TLC and quantified
fluorometrically as described previously (Kok et al., 1991)
Fluid Phase Endocytosis of HRP
The fluid phase uptake of HRP was determined as described (No-
lan, 1992). Briefly, cells in 35-mm Petri dishes were washed with
DMEM and then with DMEM containing 5 mg/ml BSA (DMEM/
BSA). Subsequently, the cells were incubated with 2 mg/ml HRP in
DMEM/BSA for 1 h at 37°C or at 4°C (control). To exclude possible
uptake of HRP via the mannose receptor, 2 mg/ml yeast mannans
were included during incubation. After the incubation, the cells
were extensively washed with DMEM/BSA and subsequently sol-
ubilized in 1 ml 0.5% Triton X-100. The cell extracts were assayed for
HRP activity by a colorimetric assay using ortho-diansidine as a
substrate.
Immunofluorescence and Other Cell-staining
Procedures
To stain F-actin, cells were washed with PBS and fixed for 10 s at
220°C in ethanol. F-actin was then stained using 100 ng/ml TRITC-
labeled phalloidin in PBS for 30 min at room temperature. To
determine the ratio of bile canaliculi per number of cells, cells were
fixed with ethanol and double stained with 5 ng/ml nuclear stain
Hoechst 33258 and 100 ng/ml TRITC–phalloidin for 30 min in PBS
at room temperature. For staining microtubules, cells were fixed
with 3% paraformaldehyde in PBS for 30 min and permeabilized
with 0.1% Triton X-100 in PBS for 10 min. Cells were then washed
in PBS, incubated for 30 min in PBS containing 2.5% FCS (PBS/FCS)
to block nonspecific binding sites, and subsequently incubated with
a primary mouse monoclonal antibody against b-tubulin, diluted in
PBS/FCS (1:100). After several washings, the primary antibody was
revealed with an FITC-conjugated goat anti-mouse antibody. To
prevent bleaching, cells were embedded in glycerol containing 2.5%
1,4-diazobicyclo[2.2.2.]octane before microscopic examination.
Microscopy
Cells were examined using an epifluorescence microscope (Provis
AX70; Olympus, New Hyde Park, NY). Photographs were taken
using Ilford (Benelux, Leiden, the Netherlands) HP-5 plus film.
RESULTS
In HepG2 cells, bile canaliculi are located between
adjacent cells and represent the apical membrane sur-
face domain of these cells. Previous work has shown
that fluorescent sphingolipid analogues can be trans-
ferred to the apical membrane via both basolateral to
apical transcytosis and a transcytosis-independent,
“direct” pathway (Zaal et al., 1994; Zegers and Hoek-
stra, 1997).
Transport via the direct route is demonstrated by
incubating the cells with the freely diffusable, fluores-
cent precursor C6-NBD-Cer. This precursor specifi-
cally accumulates in the Golgi, where it is used for the
synthesis of C6-NBD-GlcCer and C6-NBD-SM (Lipsky
and Pagano, 1985). Besides fluorescent labeling of the
Golgi, at 37°C, an additional labeling of the bile canal-
iculus is observed, which becomes apparent after
some 20 min of incubation (Zaal et al., 1994), i.e., a time
interval after which significant amounts of the C6-
NBD sphingolipids can be detected intracellularly.
Hence, these results indicate that metabolism of C6-
NBD-Cer precedes labeling of the apical membrane
and suggest that the synthesis of C6-NBD-GlcCer and
Lipid Traffic and Cytoskeleton Dependence
Vol. 9, July 1998 1941
C6-NBD-SM is a prerequisite for transport to and flu-
orescent labeling of the apical membrane in hepato-
cytes and HepG2 cells. To validate this hypothesis, we
analyzed the effect of the sphingolipid synthesis inhib-
itor d-threo-1-phenyl-2-decanoyl amino-3-morpho-
lino-1-propanol (PDMP) on the metabolism of C6-
NBD-Cer and on the apical labeling by C6-NBD
sphingolipids. We found that 100 mM PDMP com-
pletely inhibited the synthesis of C6-NBD-GlcCer,
whereas the synthesis of C6-NBD-SM was inhibited by
85% (Table 1). Overall, the formation of fluorescent
Cer metabolites was inhibited by .90%, because in
control cells 44% and in PDMP-treated cells only 4% of
either product was formed. The inhibition of C6-NBD-
GlcCer and -SM synthesis by PDMP strongly affected
the labeling of the apical membrane. When the per-
centage of NBD-positive bile canaliculi was deter-
mined in cells that had been incubated with C6-NBD-
Cer for 60 min at 37°C, either in the absence or
presence of PDMP, virtually no NBD-positive bile
canaliculi could be identified in PDMP-treated cells,
whereas in control cells 55% of the total population of
bile canaliculi was fluorescently labeled (Table 2). This
indicates that the fluorescent labeling that was ob-
served in the bile canalicular membrane of control
cells originated from either C6-NBD-SM or C6-NBD-
GlcCer or both, which were transported from the
Golgi to the apical membrane. In addition to their
transport to the apical surface, the newly synthesized
C6-NBD-GlcCer and C6-NBD-SM are also transported
to the basolateral surface (Zegers and Hoekstra, 1997).
However, the presence of BSA in the incubation me-
dium extracts lipid that arrives at the outer leaflet of
the basolateral surface, thereby preventing the lipids
from reentering the cell. Thus trafficking to the apical
domain via transcytosis, the alternative pathway that
delivers sphingolipid to the apical domain, can be
excluded. However, with this experimental setup, and
given the need of biosynthesis for transport to occur,
apical transport of newly synthesized C6-NBD sphin-
golipids in the direct transport route can thus be de-
termined in a convenient and reliable manner. Trans-
port of lipid from the basolateral to the apical domain
by transcytosis is monitored after initial insertion of
either C6-NBD-GlcCer or C6-NBD-SM in the basolat-
eral membrane at low temperature. After elevating the
temperature, the lipid is processed via basolateral en-
docytosis and subsequently transported to the apical
surface. The dependence of either transport pathway
on cytoskeletal elements was examined next.
Direct Transport of Sphingolipids Depends on Intact
Microtubules, Whereas Transcytosis Depends on
Intact Actin Filaments
To investigate whether sphingolipid transport via
both routes is dependent on cytoskeletal elements, we
preincubated the cells with cytD or nocodazole, agents
that are known to disrupt actin filaments and micro-
tubules, respectively. The effects of both compounds
on either the actin cytoskeleton or the microtubules in
HepG2 cells are shown in Figure 1. After treatment of
HepG2 cells with 10 mg/ml cytD, actin filaments were
visualized by staining with TRITC-labeled phalloidin.
In untreated cells (Figure 1A), a strong accumulation
of actin filaments was observed underneath the apical
membrane. In addition, labeling of actin filaments was
found near the basolateral plasma membrane. In cells
that were treated with cytD (Figure 1B), actin fila-
ments were mainly found in small aggregates, and the
accumulation at the apical plasma membrane that was
seen in untreated cells was strongly reduced, although
it did not disappear completely.
By staining cells for tubulin, the effect of nocodazole
on the distribution of microtubules was determined.
In agreement with other studies (Salas et al., 1986), we
found that preincubation with 33 mM nocodazole (Fig-
Table 1. Effect of PDMP on the metabolism of C6-NBD-Cer in
HepG2 cells
Percentage of total C6-NBD lipid
Control 1PDMP
C6-NBD-Cer 56 6 11 96 6 1
C6-NBD-SM 30 6 10 4 6 1
C6-NBD-GlcCer 14 6 2 —a
HepG2 cells were preincubated with or without 100 mM PDMP in
HBSS for 60 min at 37°C. The cells were then cooled and labeled
with 3 mM C6-NBD-Cer for 60 min at 4°C in the presence or absence
of PDMP. After subsequent washing, the cells were further incu-
bated in HBSS with or without PDMP at 37°C for 60 min. The cells
were then washed and scraped from the culture dish. The lipids
were extracted, and NBD lipids were analyzed and quantified as
described in MATERIALS AND METHODS. Data represent values
of six experiments 6 SEM.
a C6-NBD-GlcCer levels in PDMP-treated cells were below detection
level.
Table 2. Apical labeling in PDMP-treated cells
Labeled bile canaliculi (%)
Control 55 6 4
PDMP ,1
HepG2 cells, plated on glass coverslips, were preincubated with or
without 100 mM PDMP in HBSS for 60 min at 37°C. After cooling,
the cells were labeled with 3 mM C6-NBD-Cer for 60 min at 4°C in
the presence or absence of PDMP. The cells were then washed and
incubated for 60 min at 37°C, in HBSS containing 5% BSA to prevent
transcytosis of basolaterally arrived lipid, in the presence or absence
of PDMP. Subsequently, the cells were washed, and apical labeling
was determined as described in MATERIALS AND METHODS.
Data represent values of four experiments 6 SEM.
M.M.P. Zegers et al.
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Figure 1. Effect of cytoskeletal drugs on the distribution of actin filaments and microtubules in HepG2 cells. The effect of cytD on actin
filaments was determined by incubating the cells with 10 mg/ml cytD in HBSS for 30 min at 37°C. After the incubation, the cells were washed
and fixed in ethanol for 10 s at 220°C. Actin filaments were stained with 100 ng/ml TRITC-labeled phalloidin in PBS for 30 min at room
temperature. Note the extensive staining of actin filaments around the bile canaliculus (arrowhead) and the additional staining at the
basolateral membrane in control cells (A), whereas in cytD-treated cells (B) mainly small aggregates and a strongly reduced labeling around
the bile canaliculus are observed. By staining cells with anti-b-tubulin, the effect of nocodazole on microtubules was evaluated. Cells were
preincubated with 33 mM nocodazole in HBSS for 2 h at 37°C. The cells were then fixed with 3% paraformaldehyde for 30 min at room
temperature and permeabilized with 0.1% Triton X-100. Indirect immunofluorescence staining with an antibody against b-tubulin revealed
that in control cells, the microtubules formed a delicate network (C) that was severely disrupted after nocodazole treatment (D). (E–H)
Phase-contrast images of A–D, respectively. Bar, 10 mm.
Lipid Traffic and Cytoskeleton Dependence
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ure 1D) resulted in a severe disruption of the fine
microtubular network that was observed in untreated
cells (Figure 1C). In contrast to the distribution of actin
filaments, no strong accumulation of microtubules
was observed around the bile canaliculus. In fact,
although some microtubules seem to radiate from the
bile canaliculus, an association with the apical mem-
brane, as seen for actin filaments, was not present, as
the immediate area near the bile canaliculus appears
rather depleted of microtubules. As control experi-
ments, we also examined the effect of nocodazole on
the actin cytoskeleton and the effect of cytD on the
microtubules. The results of these experiments
showed neither an effect of nocodazole on the distri-
bution of actin, nor that cytD perturbed the organiza-
tion of the microtubules (our unpublished observa-
tions).
Previously, we have demonstrated that phorbol 12-
myristate 13-acetate (PMA), a potent activator of PKC,
induces rapid actin rearrangements and, concomi-
tantly, inhibits apical transport of sphingolipids
(Zegers and Hoekstra, 1997). We therefore hypothe-
sized that the actin rearrangements may be responsi-
ble for the inhibition of apical lipid transport by pre-
venting docking or exocytosis at this membrane
surface, as has been described in other systems (Fath
and Burgess, 1993; Fath et al., 1994; Muallem et al.,
1995). To validate this hypothesis, the cells were
treated with cytD to depolymerize the actin filaments,
and the effect on apical sphingolipid transport via
both pathways was analyzed. As shown in Figure 2,
cytD treatment had no effect on the direct transport
pathway (Figure 2A) but inhibited apical transport of
either C6-NBD-GlcCer or C6-NBD-SM via transcytosis
by ;40% (Figure 2B). Very similar results (40–50%
inhibition) were obtained when the cells were treated
with latrunculin B (5 mg/ml), a drug that effectively
disrupts actin filaments (Spector et al., 1983), including
those in HepG2 cells (our unpublished observations).
The effect of cyt D on apical sphingolipid transport
was opposite to the effect of the microtubular inhibitor
nocodazole. When microtubuli were disrupted with
this drug, sphingolipid transport via the direct path-
way was inhibited by ;50%. Similar effects were ob-
tained with colchicine, another microtubuli-disrupting
drug (Figure 2A). However, neither nocodazole nor
colchicine (our unpublished observations) treatment
inhibited the apical delivery of fluorescent GlcCer or
SM via transcytosis (Figure 2B).
Because labeling of bile canaliculi depends on the
conversion of C6-NBD-Cer to its products C6-NBD-SM
or C6-NBD-GlcCer as demonstrated above, an inhibi-
tion of the direct pathway may be the result of a
reduced synthesis of these lipids. As a control exper-
iment, we therefore analyzed the metabolism of C6-
NBD-Cer in the presence of cytD or nocodazole, under
the same experimental conditions as were used for
analyzing direct lipid transport. As shown in Table 3,
both compounds did not affect the synthesis of C6-
NBD-SM or C6-NBD-GlcCer. However, by analyzing
the incubation medium, which contained BSA to ex-
tract lipid that is transported basolaterally (see MA-
TERIALS AND METHODS), we found that nocoda-
zole had a small but significant inhibiting effect on
Figure 2. Effect of nocodazole and cytD on apical sphingolipid transport. HepG2 cells were preincubated with 10 mg/ml cytD for 30 min
or 33 mM nocodazole or 1 mM colchicine for 2 h in HBSS at 37°C. The compounds were kept present during further incubations. (A) Effect
of the cytoskeletal drugs on direct transport of newly synthesized sphingolipids. Cells were labeled with 3 mM C6-NBD-Cer at 4°C, as
described in MATERIALS AND METHODS. After an incubation at 37°C for 60 min in back-exchange medium, the cells were washed, and
apical transport was determined as described. Data represent the mean 6 SEM of three or four independent experiments of cells treated with
0.1% DMSO (control), cytD, nocodazole, or colchicine. (B) Effect of cytD or nocodazole on transcytosis of exogenously inserted (i.e., in the
basolateral membrane) C6-NBD-SM and C6-NBD-GlcCer. After preincubation with cytD or nocodazole, cells were labeled with 3 mM
C6-NBD-GlcCer (white bars) or C6-NBD-SM (black bars) at 4°C. After warming at 37°C for 15 min in HBSS, the cells were subsequently
washed, cooled, and back-exchanged. Apical transport was determined as described in MATERIALS AND METHODS. Data represent the
mean 6 SEM of three to five independent experiments.
M.M.P. Zegers et al.
Molecular Biology of the Cell1944
basolateral transport of C6-NBD-SM but not on that of
C6-NBD-GlcCer.
Several studies have shown that depolymerization
of actin filaments by cytD inhibits endocytic uptake
(Sandvig and van Deurs, 1990; Gottlieb et al., 1993;
Chazaud et al., 1994; Jackman et al., 1994; Durrbach et
al., 1996). We analyzed the effect of cytD on basolateral
endocytosis of sphingolipids by monitoring its effect
on the internalization of the fluorescent lipid analogs
over the same time interval as was used in the tran-
scytotic lipid transport assay. In cells that had been
treated with either cytD (Figure 3) or latrunculin B
(our unpublished observations), the internalization of
C6-NBD-SM and C6-NBD-GlcCer was inhibited by
;40–50%. By contrast, nocodazole treatment did not
affect lipid internalization. Note that the extent of in-
hibition of basolateral endocytosis by cytD matches
exactly the inhibiting effect on apical lipid transport by
transcytosis (Figure 2B), as determined after the same
time interval. This suggests that the inhibition of tran-
scytotic lipid transport by actin-perturbing drugs such
as cytD and latrunculin B is due to interference with
an actin-dependent step during endocytic uptake from
the basolateral membrane. Moreover, when we mea-
sured the uptake of HRP, we found that cytD inhibited
the uptake of this fluid phase marker as well (Table 4),
which would suggest cytD to act as a nonspecific
inhibitor of overall endocytosis in HepG2 cells.
Nocodazole Inhibits PKA-mediated Stimulation of
Lipid Transport and Expansion of the Bile
Canalicular Surface Area
When HepG2 cells are treated with agents that stim-
ulate the activity of the cAMP-dependent PKA, apical
Figure 3. Effect of cytD and nocodazole on the internalization of basolateral membrane-inserted C6-NBD-SM and C6-NBD-GlcCer. HepG2
cells were preincubated with or without 10 mg/ml cytD or 33 mM nocodazole in HBSS at 37°C for 30 min or 2 h, respectively. Cells were then
cooled and, in the presence of the drugs, labeled with 3 mM C6-NBD-SM or C6-NBD-GlcCer at 4°C. Subsequent incubations were carried out
at 37°C for the indicated time intervals. After the incubation, the cells were washed with cold PBS, back-exchanged, and scraped from the
culture dish. Lipids were extracted and NBD-lipids were quantified as described in MATERIALS AND METHODS. Each value represents
the mean of two independent experiments with variations between 3 and 14%. (A) Internalization of C6-NBD-GlcCer in control (E), cytD (M),
and nocodazole-treated () cells. (B) Internalization of C6-NBD-SM in control (F), cytD (f), and nocodazole-treated () cells.
Table 3. Synthesis and basolateral transport of C6NBD-GlcCer and
C6-NBD-SM
Percentage of total NBD lipid
GlcCer SM
Control 5.2 6 0.7 (82.6 6 5) 24.7 6 6 (77.2 6 6)
Cytochalasin D 4.7 6 0.7 (82.0 6 0.7) 22.4 6 4 (74.1 6 8)
Nocodazole 4.8 6 0.9 (81.4 6 3) 24.1 6 5 (62.9 6 6)
Cells were preincubated with or without 10 mg/ml cytD in HBSS at
37°C for 30 min or with 33 mM nocodazole for 2 h. Cells were then
cooled and, in the presence or absence of the cytoskeletal drugs,
incubated with 3 mM C6-NBD-Cer as described in MATERIALS
AND METHODS. Subsequently the cells were incubated at 37°C for
60 min in back-exchange medium and, after washing, scraped from
the culture dish. The lipids were extracted from the back-exchange
medium and the cells, and the NBD lipids were quantified as
described in MATERIALS AND METHODS. In parentheses, the
percentage of lipid transported to the basolateral plasma membrane
is indicated. Values represent the data of three experiments 6 SEM.
Table 4. Effect of cytochalasin D on fluid phase endocytosis of HRP
HRP uptake (ng/h per 106 cells)
Control 8.91 6 2.1
Cytochalasin D 4.98 6 1.3
Cells were preincubated with or without 10 mg/ml cytD for 30 min
in DMEM. After the preincubation, the cells were incubated with
HRP for 1 h at 37°C, and the cell-associated HRP activity was
determined as described in MATERIALS AND METHODS. Data
represent the values of three independent experiments in duplicate
6 SEM.
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sphingolipid transport is enhanced by stimulation of
both the direct and the transcytotic sphingolipid trans-
port routes. Concomitantly, the number and the size
of bile canaliculi increase, i.e., indicative of the system
to accomplish a hyperpolarized state (Zegers and
Hoekstra, 1997). To investigate whether hyperpolar-
ization as mediated by PKA activation was dependent
on the presence of intact microtubules, we preincu-
bated HepG2 cells with 33 mM nocodazole. After the
preincubation, 1 mM cell-permeable cAMP analog dB-
cAMP was added to activate PKA, and the cells were
subsequently incubated in the presence of dB-cAMP
and nocodazole for 4 h. After fixation, the number of
bile canaliculi was determined. As shown in Table 5, a
4-h treatment with dB-cAMP strongly increases the
total number of bile canaliculi, thus resulting in an
increase of the total apical surface area. However, in
cells that were pretreated with nocodazole, the stim-
ulating effect of dB-cAMP on the formation of bile
canaliculi was completely abolished. Cells that were
treated with both nocodazole and dB-cAMP showed a
total number of bile canaliculi that was even slightly
less than the number obtained for control cells. Ap-
parently, the formation of bile canaliculi in both dB-
cAMP-treated and nonstimulated cells is dependent
on the presence of intact microtubuli. However, these
observations are remarkable, because in previous
work it was found that PKA activation stimulated
lipid transport to the apical membrane in both the
direct and indirect pathway. Yet, in the present work,
a perturbation of the microtubule structure only
caused an inhibition of the direct transport pathway,
whereas the indirect, transcytotic pathway was unaf-
fected (Figure 2A). We therefore examined whether
the dB-cAMP-induced stimulation of apical sphingolipid
transport was dependent on microtubules. Control
experiments revealed that also in the presence of dB-
cAMP, nocodazole effectively disrupted the organiza-
tion of the microtubules (our unpublished observa-
tions; cf. Figure 1D). As shown in Figure 4B, we
observed that a combined dB-cAMP–nocodazole treat-
ment abolished the stimulatory effect of dB-cAMP per
se and resulted in values of transcytotic apical trans-
port that were similar to those in untreated cells. Thus,
whereas in control cells transcytotic delivery of sphin-
golipid to the apical membrane is microtubule inde-
pendent, the results suggest that during transcytosis
in dB-cAMP-activated cells, at least part of the incre-
ment in transport may have occurred via an alterna-
Figure 4. Effect of nocodazole, dB-cAMP, or both on apical sphingolipid transport. Cells were preincubated at 37°C with or without 33 mM
nocodazole for 2 h and/or with 1 mM dB-cAMP for 30 min. Then, in the absence or presence of either nocodazole or dB-cAMP or both
(noc/dBcAMP), direct, apical transport of newly synthesized C6-NBD-sphingolipids (A) or transcytotic transport of C6-NBD-SM (B) was
determined as described in MATERIALS AND METHODS and in the legend of Figure 2. Data represent the mean 6 SEM of three
independent experiments.
Table 5. The dB-cAMP-induced hyperpolarization of HepG2 cells
is microtubule dependent
Ratio of bile canaliculi to total cells
Control 1:13.7 6 0.1
dB-cAMP 1:5.8 6 0.8
Nocodazole 1:16.2 6 1.4
dB-cAMP 1 nocodazole 1:15.7 6 4.5
HepG2 cells were washed and incubated with or without 1 mM
dB-cAMP, 33 mM nocodazole, or both in HBSS for 4 h at 37°C. When
cells were incubated with both nocodazole and dB-cAMP, the cells
were preincubated with nocodazole for 30 min in HBSS before the
addition of dB-cAMP. After the incubation, cells were washed and
double stained for actin and nuclei, using TRITC–phalloidin and
Hoechst 33258, respectively, as described in MATERIALS AND
METHODS. Cells were examined by fluorescence microscopy. For
each condition, five random fields were scored for the total number
of cells by counting nuclei and the total number of bile canaliculi,
stained with actin. Each field contained 200–300 cells. Data repre-
sent the mean 6 SEM of three independent experiments.
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tive apically directed but microtubule-dependent
pathway. In the direct pathway between Golgi and
plasma membrane, dB-cAMP stimulates apical sphin-
golipid transport by ;40% (Zegers and Hoekstra,
1997), whereas nocodazole, as described above, inhib-
ited transport by ;50% (Figure 2A). After a combined
dB-cAMP–nocodazole treatment, the percentage of la-
beled bile canaliculi was similar when compared with
control values (Figure 4A). This may indicate that in
contrast to the transcytotic route, the db-cAMP-in-
duced increase of direct lipid transport does not ex-
clusively depend on microtubules. However, because
the (lack of) effect on apical lipid transport that we
observed represents a combined result of a stimulator
and an inhibitor of this process, it is difficult to draw
conclusions concerning the relative contribution of the
db-cAMP-induced stimulation and nocodazole-in-
duced inhibition in these cells.
DISCUSSION
In the present work we provide evidence that the
transcytosis-dependent and -independent pathways
by which apical membrane-directed sphingolipid
transport in HepG2 cells occurs (Zaal et al., 1994;
Zegers and Hoekstra, 1997) are regulated by different
cytoskeletal elements. Thus, whereas direct transport
of newly synthesized C6-NBD-GlcCer and C6-
NBD-SM from the Golgi to the apical membrane is
microtubule dependent, transcytosis from basolateral
to apical membrane depends on actin filaments. Also,
sphingolipid transport along the direct pathway to the
basolateral membrane is only marginally affected by
microtubule-disrupting agents. The data indicate that
both pathways may, in principle, operate largely in-
dependent of each other. Interestingly, hyperpolariza-
tion, occurring when stimulating apical transport by
dB-cAMP, displays an absolute dependence on micro-
tubules.
The microtubule dependency of apical but not ba-
solateral membrane-directed trafficking in the direct
transport pathway appears to be a general feature for
both sphingolipids and proteins in polarized cells,
because it has also been observed in Caco-2 and
MDCK cells (Eilers et al., 1989; Parczyk et al., 1989;
Breitfeld et al., 1990; Matter et al., 1990; van Zeijl and
Matlin, 1990; Gilbert et al., 1991; van Meer and van’t
Hof, 1993). However, in contrast to what has been
reported for protein transport in these cell types (Bre-
itfeld et al., 1990; Hunziker et al., 1990; Matter et al.,
1990), in HepG2 cells, basolateral to apical transcytosis
is not sensitive to nocodazole. Interestingly, a micro-
tubule-dependent step in the transcytotic pathway
could be revealed in cells in which transport has been
stimulated with dB-cAMP. Relative to control cells,
the dB-cAMP-induced stimulation was completely
abolished by nocodazole treatment. Elsewhere (van
IJzendoorn et al., 1997) we have shown that dB-cAMP
redirects sphingolipid trafficking in the reverse tran-
scytotic pathway by strongly enhancing apical lipid
recycling from subapical compartments. It is tempting
to suggest that this step in the overall transcytotic
pathway represents the dB-cAMP-facilitated incre-
ment to apical sphingolipid delivery in the indirect
pathway, and that it is this particular step which is
sensitive to nocodazole (Figure 4B).
In addition to the stimulating effect on transcytosis,
dB-cAMP also stimulates direct sphingolipid trans-
port. However, although nocodazole effectively inhib-
its this pathway, a complete inhibition was never seen,
implying that also in the direct pathway, a pool of
sphingolipid may be transported apically by a micro-
tubule-independent process. Interestingly, the dB-
cAMP-induced enlargement of the total apical surface
area as a result of an increase in size and the total
number of bile canaliculi can be completely abolished
by nocodazole. Thus, hyperpolarization displays an
absolute requirement for microtubules. This bears
analogy to similar observations in freshly isolated
hepatocytes that have retained a bile canalicular lu-
men between pairs of cells (Boyer and Soroka, 1995). A
dB-cAMP-induced increase of the bile canalicular cir-
cumference could be largely, but not completely,
blocked by nocodazole, emphasizing that the HepG2
system compares well with its natural counterpart.
The disruption of actin filaments by cytD (or latrun-
culin B) had opposite effects on lipid transport when
compared with the effects of nocodazole. In cells that
were treated with cytD, the basolateral to apical trans-
cytosis of sphingolipid but not the direct pathway was
strongly inhibited. We have previously shown that
activation of PKC activity results in a rearrangement
and depolymerization of actin filaments and a con-
comitant inhibition of sphingolipid transport via both
the direct and the transcytotic pathways (Zegers and
Hoekstra, 1997). We therefore hypothesized that the
actin depolymerization might be responsible for the
inhibition of apical sphingolipid transport by inhibit-
ing the final delivery of vesicles to the apical mem-
brane (Muallem et al., 1995; Fath and Burgess, 1993;
Fath et al., 1994). The results presented in this study
indicate, however, that the PKC-mediated inhibition
of apical lipid transport is mediated via another mech-
anism, because disruption of actin filaments only in-
hibits apical sphingolipid transport via transcytosis
but not via the direct pathway. In support of this
conclusion is the notion that cytD inhibited basolateral
endocytosis of exogenously supplied sphingolipids by
;40%. By contrast, PMA exerts its inhibitory effect in
transcytotic sphingolipid transport on a transport step
subsequent to internalization; i.e., it does not affect the
uptake of sphingolipid from the basolateral mem-
brane (Zegers and Hoekstra, 1997). In this context it is
also of interest to note that the internalization of GPI-
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linked proteins via glycolipid-enriched microdomains
or caveolae is regulated by PKC and PKA activity and
is tightly linked to reorganization of the actin cytoskel-
eton (Parton et al., 1994; Deckert et al., 1996). As we
showed in a previous study (Zegers and Hoekstra,
1997), neither inhibition of transcytosis by PMA treat-
ment nor stimulation of this transport route by dB-
cAMP correlates with an inhibition or stimulation,
respectively, of total uptake of the fluorescent sphin-
golipids. We therefore hypothesized that inhibition of
transcytosis via a kinase-regulated mechanism, as
mentioned above, is unlikely. However, results of a
preliminary study show that treatment of HepG2 cells
with 1 mg/ml filipine, a sterol-binding agent that is
known to interfere with caveolae-mediated endocyto-
sis and transcytosis (Schnitzer et al., 1994), inhibits the
transcytosis of C6-NBD-SM by 15 6 4% (n 5 5), which
suggests that caveolae-mediated uptake may also play
a role in the transcytotic delivery of sphingolipids.
However, because cytD inhibits the fluid phase uptake
of HRP to an extent similar to that observed for sphin-
golipid internalization, we propose that the inhibition
of transcytotic sphingolipid transport by cytD is pri-
marily due to an actin-dependent step during basolat-
eral uptake, rather than to an interference in the final
apical delivery of vesicles. Indeed, although conflict-
ing reports have appeared (see (Sandvig and van
Deurs, 1990; Gottlieb et al., 1993), evidence obtained
from studies of several cell types shows that the actin
cytoskeleton is involved in fluid phase uptake of HRP,
whereas both clathrin-dependent and clathrin-inde-
pendent mechanisms were reported to be inhibited by
cytD as well (Sandvig and van Deurs, 1990; Gottlieb et
al., 1993; Kubler and Riezman, 1993; Chazaud et al.,
1994; Jackman et al., 1994; Durrbach et al., 1996; Maples
et al., 1997). In polarized cells, actin-dependent endo-
cytosis has only been reported to take place at the
apical domain. In MDCK cells, it was demonstrated
that cytD inhibits both fluid phase and clathrin-depen-
dent endocytosis at the apical membrane (Gottlieb et
al., 1993), whereas in Caco-2 cells the drug inhibits the
apical uptake of ricin (Jackman et al., 1994). However,
in both these cell lines, endocytosis from the basolat-
eral domain is not affected by cytD. The results of
these studies are in contrast with the inhibition of
basolateral endocytosis that we describe here. A pos-
sible explanation for this discrepancy might be that
the HepG2 cells are not completely polarized and
have retained apical membrane remnants on their ba-
solateral membrane after trypsinization. As has been
described in freshly isolated hepatocyte couplets, such
remnants are retargeted to the single remaining apical
pole, which depends on intact actin filaments (Gautam
et al., 1987). Indeed, also in HepG2 cells, microvilli
could be occasionally detected on the basolateral
membrane, as revealed by electron microscopy
(Zegers, unpublished observation).
In summary, the present results emphasize the com-
plexity of apically directed membrane trafficking, the
degree of which, moreover, also appears to be depend
on cell type. In the case of HepG2 cells, we have
shown that protein kinases (Zegers and Hoekstra,
1997) and cytoskeletal elements (this work) regulate
different aspects of direct and indirect membrane flow
to the apical membrane. This knowledge, in conjunc-
tion with the application of photoaffinity-labeled
sphingolipid analogs (Zegers et al., 1997), will be ex-
ploited to further dissect the involvement of specific
molecular markers in intracellular trafficking in
HepG2 cells.
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